Abstract. Tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL) is a member of the TNF family of cytokines and has been shown to induce cell apoptosis in many types of tumors, but not in normal cells. This tumorselective property has made TRAIL a promising approach for the development of cancer therapy. However, hepatocellular carcinoma (HCC) cells display a striking resistance to TRAIL. Although some chemotherapeutic agents can overcome this resistance, safety issues remain a concern because the combination of these agents and TRAIL has been reported to induce toxicity in normal hepatocytes. In this study, we examined whether cisplatin could reverse TRAIL resistance in HCC cells with different p53 status and evaluated the toxicity of combination TRAIL and cisplatin to normal hepatocytes and mesenchymal stem cells (MSCs). We observed that cisplatin could efficiently sensitize HCC cells, but not hepatocytes and MSCs to TRAIL-induced apoptosis within a wide therapeutic window. The apoptosis of HCC cells only partially depended on the upregulation of DR5 and the status of p53. In addition, we provide favorable evidence supporting the feasibility of the combination of chemotherapy and MSCs transduced with TRAIL.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the third-leading cause of death. HCC is often diagnosed at an advanced stage. Despite a variety of treatment procedures including surgical resection, transcatheter arterial chemoembolization, percutaneous radiofrequency ablation or injection of ethanol, and liver transplantation, the prognosis of HCC patients is far from being satisfactory with a dismal 5-year survival rate for its invasiveness and high resistance to conventional chemotherapy (1) (2) (3) . Thus, novel therapeutic strategies are required to reduce drug dosage, enhance the therapy efficacy, and to diminish toxicity to normal cells.
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), the apoptosis-inducing member of the TNF super family, can initiate apoptosis in a variety of human cancer cell lines through the activation of their death receptors. Four major TRAIL receptors have been identified: TRAIL-R1 (death receptor, DR4) and TRAIL-R2 (DR5) are receptors with fully functional cytoplasmic death domains. On the other hand, TRAIL-R3 (Decoy receptor, DcR1) and TRAIL-R4 (DcR2) have either an obliterated (DcR1) or a truncated (DcR2) death domain, thus TRAIL signaling cascade can not be completed. These decoy receptors have been proposed to competitively inhibit TRAIL-induced apoptosis by acting as nonfunctional receptors (4, 5) .
However, ~60% of tumor cells were resistant to TRAIL, which severely limits the application of TRAIL in cancer treatment. Though some chemotherapeutic agents or radiation can sensitize HCC cells, conflicting results have been published with regard to the sensitivity of normal human hepatocytes to TRAIL exposure (6) . In addition, increased expression of DcR1/DcR2 and decreased DR4/DR5 expression correlates with TRAIL resistance, but the expression levels of TRAIL receptors do not correlate with TRAIL sensitivity (7, 8) . Therefore, it is important to understand the mechanisms involved in resistance and sensitization to TRAIL-induced apoptosis.
Although TRAIL has been shown to be capable of inducing apoptosis in tumor cells of diverse origin, only a few studies on HCC cells with different p53 status, normal hepatocytes and mesenchymal stem cells have been published (6, (9) (10) (11) 
Materials and methods
Cell culture. HCC cell lines Bel-7402 (p53 wild-type) (12, 13) , Huh 7 (p53 mutant) (14) , Hep3B (p53 defective) (14) , hepatocytes L-02 and mesenchymal stem cells (MSCs) were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum and penicillin (100 U/ml)/streptomycin (100 μg/ml) and were maintained at 37˚C in a humidified atmosphere with 5% CO 2 . Cell viability assay. Cell viability assay was performed as Miyoshi N as described (15) . In brief, HCC cells (20,000 per well), hepatocytes (20,000 per well) and MSCs (5,000 cells per well) were seeded in a 96-well plate. After an overnight incubation, they were treated with 100 μl medium containing cisplatin (0, 2.5 and 5.0 μg/ml) and TRAIL (0, 50, 100, 200 ng/ ml) for 24 h. Then, 10 μl of a Cell Counting kit-8 (Dojindo Laboratories, Japan) solution was added to each well. After incubation at 37˚C for 2 h in a humidified CO 2 incubator, absorbance of each well was monitored with a microplate reader (ELX-800, Bio-Tek) using 450 nm as the primary wavelength (630 nm as the reference wavelength).
FACS analysis of apoptosis.
The sub-G1 analysis after propidium iodide (PI) staining was employed to assess the apoptosis. After treatment with TRAIL (100 ng/ml) and/or cisplatin (5.0 μg/ml) for 24 h, HCC cells, hepatocytes and MSCs were harvested. The cells were washed twice with cold PBS, resuspended in 1 ml of 70% ethanol, and kept overnight. They were subsequently rinsed twice with PBS and incubated with 100 μl RNase (10 mg/ml) at 37˚C for 30 min. Finally, the cells were stained with PI (0.5 μg/ml, Sigma) for 30 min in the dark at 4˚C. Distribution of the cell cycle and the rate of apoptosis were determined on a BD LSRII cytometer (BD Biosciences). Western blot analysis. Preparation of cell lysates and immunoblotting were done as described before (9) . In brief, protein supernatants were denatured and 20 μg of protein were separated on a gradient 10% to 12% SDS-PAGE and transferred onto Polyvinylidene-Fluoride (PVDF) membranes. The membranes were probed with primary antibodies against caspase -8, -9, -3 and ß-actin, which were diluted at 1:1,000 with 3% bovine serum albumin (pH 7.4). The blots were developed using an HRP-conjugated secondary antibody and visualized with chemiluminescent substrate (Thermo, SuperSignal West Pico 34079). Relative optical densities of protein bands were quantitated by using the Bio-Rad Quantity One version 4.6.2.
Statistical analysis.
Results were expressed as mean ± standard deviation (SD). Differences between groups were compared using two-tailed Student's t-tests. P<0.05 was considered statistically significant.
Results

Combined use of cisplatin and TRAIL enhanced the inhibition of cell proliferation in HCC cells, but not in hepatocytes and
MSCs within a therapeutic window. We examined the effect of TRAIL and cisplatin on the viability of HCC cells with different p53 status. TRAIL or cisplatin alone failed to affect the viability of HCC cells significantly when 200 ng/ml of TRAIL or 5 μg/ml of cisplatin was added to the culture. While even in the presence of low concentrations of cisplatin (2.5 or 5.0 μg/ml), TRAIL dose-dependently reduced the cell viability ( Fig. 1A-C) . The viability of hepatocytes and MSCs were rarely affected by the combination of 200 ng/ml TRAIL and 5 μg/ml cisplatin ( Fig. 1D and E) . In addition, up to 20 μg/ml cisplatin did not sensitize hepatocytes even for 1,000 ng/ml TRAIL (Fig. 1F ), which suggested a wide therapeutic window for the combination of cisplatin and TRAIL.
Cisplatin-induced upregulation of DR5 and DcR2 in HCC cells, but not in hepatocytes and
MSCs. TRAIL receptors on the cell surface were investigated by FACS. All HCC cells express DR5 and DcR2, however, DR4 and DcR1 did not appear to be expressed in these HCC cells, except Hep3B which express low levels of DR4. After 24 h of treatment with 5.0 μg/ml cisplatin, although there was no change in the expression of the DR4 and DcR1, the expression of DR5 and DcR2 was increased in Bel-7402 (2.01-fold and 2.28-fold), Huh 7 (1.18-fold and 2.67-fold) and Hep3B (1.28-fold and 1.27-fold). On the other hand, only mild expression of DcR2 in L-02 and that of DR5 and DcR1 in MSCs were observed respectively. Though DR5 in L-02 and MSCs was upregulated in some independent experiments, no significant differences between treatment and control groups was observed in these normal cells (Fig. 2) .
TRAIL selectively induced apoptosis in HCC cells after sensitization with cisplatin, which partially depended on the upregulation of DR5 and status of p53, whereas hepatocytes and MSCs remained TRAIL resistant. The monotherapy with either cisplatin (5.0 μg/ml) or TRAIL (100 ng/ml) induced a faint apoptotic rate in Bel-7402 (<6%), Huh 7 (<3%) and Hep3B (<13%) cells. However, cotreatment with TRAIL and cisplatin strongly induced apoptosis in these HCC cells, indicating that the sensitivity of these cells to TRAIL was remarkably enhanced by cisplatin ( Fig. 3A and B) . However, the apoptotic rates induced by TRAIL/cisplatin in Bel-7402 (14.91±4.31%), Huh 7 (37.66±6.33%) and Hep3B (45.38±10.58%) (Fig. 4A) were not in proportion to the upregulation of DR5 (2.01-, 1.18-and 1.28-fold increase in Bel-7402, Huh 7 and Hep3B, respectively) (Fig. 4B) . Additionally, statistical analysis revealed Huh 7 (p53 mutant) and Hep3B (p53 defective) were more sensitive than Bel-7402 (p53 wild-type) to TRAIL/cisplatin combination (Fig. 4A) . Though the same concentration of cisplatin showed a very mild toxicity to hepatocytes and MSCs (apoptotic rates <5.0%), these normal cells all represented a high resistance to TRAIL alone or TRAIL/cisplatin combination, suggesting that cisplatin and TRAIL do not act synergistically in these normal cells (Fig. 4A) .
Synergistic induction of apoptosis in HCC cells exposed to TRAIL/Cisplatin involve activation of both the extrinsic and the intrinsic pathways.
To confirm the apoptotic pathway that might be involved, we detected the activation of the extrinsic (caspase-8) and the intrinsic (caspase-9) signaling cascades. Though cisplatin alone led to the faint cleavage of caspase-3, -8 and -9 in Bel-7402 and Hep3B, their cleaved forms were more obvious with the co-treatment of cisplatin and TRAIL in Bel-7402, Huh 7 and Hep3B (Fig. 5) . In addition, the cleaved fragments of caspase-8 of Huh 7 seemed weaker than those in Bel-7402 and Hep3B, however, the cleaved fragments of caspase-9 were the opposite. In contrast, even 1,000 ng/ml TRAIL and 20 μg/ml cisplatin did not induce the activation of caspase-8, -9 and -3 in L-02 and MSCs.
Discussion
Apoptosis (programmed cell death) is the cell intrinsic death program that is involved in the regulation of many physiological and pathological processes and that is evolutionary highly conserved (16) . Since tissue homeostasis is the result of a subtle balance between proliferation and cell death, Figure 2 . Flow cytometric analysis of surface DR4, DR5, DcR1 and DcR2 expression. HCC cells, hepatocytes and MSCs were treated with cisplatin (5.0 μg/ml) for 24 h. In HCC cell lines, the expression of DR5 and DcR2 were upregulated, while those of DR4 and DcR1 were not significantly altered. The TRAIL receptors in L-02 and MSCs were more variable. Despite DR5 in L-02 and MSCs was upregulated in this independent experiment, this difference was not statistically significant. The results are shown from three independent experiments. evasion of apoptosis may contribute to carcinogenesis, tumor progression as well as treatment resistance. Most current anticancer therapies including chemotherapy, radio-and immunotherapy primarily act by activating cell death pathways including apoptosis in cancer cells (17) . Apoptosis is coordinated and fine tuned by a set of proteins that are either regulators or executors of the process. One of the features of human cancers is the intrinsic or acquired resistance to apoptosis. Therefore, a better understanding of the molecular mechanisms that induce tumor resistance to apoptosis is expected to provide a molecular basis for the design of new strategies to reverse apoptosis resistance of human cancers.
Generally, there are two major apoptotic pathways, namely the extrinsic death receptor and intrinsic mitochondrial pathways. Binding of TRAIL to DR4 or DR5 leads to receptor oligomerization on the cell membrane and initiation of apoptosis through the recruitment of an adaptor protein Fasassociated death domain (FADD). FADD functions as a molecular bridge to membrane proximal caspase-8, a protease inciting the follow-up cell death cascades (18) . Once caspase-8 is activated via autocatalysis, the activated fragments stimulate apoptosis by the two fundamentally distinct signaling cascades (19) . For the extrinsic pathway, activated caspase-8 directly leads to activation of downstream effector caspases-3, and activated caspase-3 in turn cleaves numerous cellular proteins, ultimately resulting in an irreversible commitment of cells to undergo apoptosis (20, 21) .
In contrast, the intrinsic pathway is controlled by mitochondria. Activation of this pathway involved the cleavage of BH3 interacting death domain and mitochondrial outer membrane permeabilization, resulting in the release of cytochrome c from mitochondria, which sequentially activates caspase-9 and -3. Shamimi-Noori S et al revealed that cisplatin/TRAIL-induced cytotoxicity of thoracic cancer cells was completely abrogated either by the selective caspase-9 inhibitor or by transient knockdown of caspase-9 by siRNA, indicating that this apoptotic process was caspase-mediated and mitochondria-dependent (22) . In the present study, we investigated the signaling cascades of apoptosis after the combination of TRAIL and cisplatin by Western blotting. These results suggest that the synergistic effect of TRAIL and cisplatin is achieved through both the extrinsic (caspase-8) Figure 4 . The apoptosis induced by TRAIL/cisplatin in HCC cells partially depended on the upregulation of DR5. After 24 h of treatment with TRAIL (100 ng/ml) and/or cisplatin (5.0 μg/ml), the apoptotic rates in Bel-7402, Huh 7 and Hep3B (A) were not quite in proportion to the upregulation of DR5 (B). In addition, Huh 7 and Hep3B were more sensitive than Bel-7402 to TRAIL/cisplatin combination (A). Experiments were repeated at least 3 times. Data are shown as the mean ± SD. Asterisk indicates p<0.05. Figure 5 . Changes in caspase-8, -9, -3 protein expression. In the combination of TRAIL (100 ng/ml) and cisplatin (5.0 μg/ml) for 24 h, procaspases in these HCC cells were significantly activated with an apparent increase in the cleaved caspase expression. Molecular weights (in kDa), and cleaved fragments are indicated. One of three comparable experiments is shown. and intrinsic (caspase-9) pathways in all three HCC cell lines. Furthermore, the activation of caspase-9 in Huh 7 seemed more obvious than that of Bel-7402 and Hep3B.
p53 is the most commonly mutated tumor suppressor gene involved in pathogenesis of hepatocellular carcinoma. When the DNA is damaged in the cells (genetic code), intracellular concentrations of p53 are greatly increased. Protein product of p53 gene is involved in cell cycle arrest and cellular apoptosis. If p53 itself has mutated and no longer works properly, proliferation of damaged cells can promote tumor formation as well as progression (23, 24) . However, it is not yet completely understood how the activation of p53 initiates apoptosis. In addition, the role of p53 in the chemotherapeutic resistance of HCC cells is still unclear. As a downstream gene of the tumor suppressor p53 gene, DR5 has been demonstrated to be induced by DNA-damaging agents in a p53-dependent fashion (25) , and its transcription is directly transactivated by p53 through an intronic sequencespecific p53BS. It has been confirmed that mutant p53 inhibits p53-dependent transactivation of DR5 (26) . In addition, DR4 is a DNA damage-inducible, p53-regulated gene, although the p53 binding site in its 5'-flanking region was not determined (27) . Interestingly, the expression of DcR1 and DcR2 is also induced by p53 (28) . It has been demonstrated that p53 regulates DcR1 expression through an intronic p53 binding site (29) .
Our current study suggested that only DR5 and DcR2 were expressed in all investigated HCC cell lines with different p53 status, whereas DR4 and DcR1 were not expressed obviously, even in Bel-7402 with wild-type p53. When these HCC cells were cultured with cisplatin, DR5 was increased 2.01-fold in Bel-7402 compared with that of untreated cells. While in Huh 7 and Hep3B, the values of DR5 upregulation were only 1.18-fold and 1.28-fold, which suggested the increase of DR5 might partially depend on p53. We found that in p53-mutate (Huh 7) and -defective (Hep3B) settings, cisplatin dramatically sensitizes tumor cells to apoptosis induced by TRAIL. Though the combination of TRAIL and cisplatin resulted in a synergistic effect in Bel-7402, the apoptotic rates of Bel-7402 were much less than those of Huh 7 and Hep3B, which indicates that the apoptotic rates induced by TRAIL were not quite in proportion to the upregulation of DR5. Briefly, the apoptosis induced by TRAIL and cisplatin only partially depended on the status of p53, and the role of p53 in the apoptosis of HCC cells might be very complex and controversial, and needs further study in cells with p53 knockdown.
After an initial debate on potential liver toxicity of TRAIL (6), a consensus has been reached that only highly aggregated recombinant forms of TRAIL (e.g. His-TRAIL) are toxic to freshly isolated primary human hepatocytes at day 1 of in vitro culture, and the other forms of TRAIL alone do not show significant hepatocyte cytotoxicity (9, 30, 31) , which is consistent with our results. In TRAIL-sensitive human hepatocytes in vitro, the apoptosis induced by TRAIL could be prevented by DR4/DR5 blocking antibodies (9) . Thus, pro-inflammatory conditions, viral hepatitis and super high-dose of chemotherapeutic drugs have been shown to sensitize human and murine hepatocytes for TRAIL by upregulation of DR4 and/or DR5 (32,33). Our study confirmed that 5 μg/ml cisplatin-treated hepatocytes did not increase DR4 and DR5 expression significantly. Even treated with 20 μg/ml cisplatin and 1,000 ng/ml TRAIL, hepatocytes remained TRAIL-resistant, which suggested a wide therapeutic window for the combination of cisplatin and TRAIL in treatment of HCC.
Human multipotent mesenchymal stem cells (MSCs) are able to self-renew, proliferate, and differentiate into a variety of cell types (34) . MSCs have also been demonstrated to migrate towards tumors in response to chemokines produced by tumor cells (10, 35) . This MSC tropism offers numerous therapeutic applications for tumors. In addition, genetically modified MSCs have been shown to have high metabolic activity and strong expression of transgenes in vitro and in vivo, and retain their 'stem-like' characteristics and home to tumors (11) . Therefore, it is urgent to investigate the property of MSCs under the treatment of TRAIL and chemotherapeutic agents. Our study demonstrated that MSCs expressed both DR5 and DcR2, while DR4 and DcR1 were not detected by FACS analysis. After treated with cisplatin, neither upregulation nor downregulation of these receptors was observed in MSCs. MSCs represented a high resistance to TRAIL alone or TRAIL/cisplatin combination. Hence, even under cisplatin treatment, MSCs could still be used as a gene vector to express TRAIL.
In summary, we have shown that HCC cell lines were all high resistant to TRAIL treatment alone, though DR5 on the cell surface were prevalent in HCC cells. However, this resistance was significantly reversed by cisplatin, and the upregulation of DR5 might contribute to this reversal, although the upregulated DR5 was not in proportion to the apoptotic rates induced by TRAIL. p53 played a positive regulatory role in DR5 upregulation by cisplatin, while p53 seemed to prevent HCC cells from apoptosis induced by TRAIL and cisplatin, thus the physiological functions of p53
have not yet been elucidated and need a deeper insight. In contrast to HCC cells, hepatocytes and MSCs showed a high resistance to TRAIL alone or TRAIL/cisplatin combination. Our results imply that TRAIL in combination with chemotherapeutic agents might be a promising option for the treatment of human HCC without obvious hepatocyte toxicity and other normal cells within a wide therapeutic window. In addition, our data could provide favorable evidence supporting the feasibility of the combination of MSCs transduced with TRAIL gene and chemotherapy in the treatment of TRAIL-resistant human cancer.
